Study of ^^''Sn+^'^^Xe fusion-evaporation: analysis of a rare-event experiment 
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Fusion-evaporation in the '^^*Sn-|-^'^^Xe system is studied using a high intensity xenon beam 
provided by the Ganil accelerator and the LISE3 wien filter for the selection of the products. Due 
to the mass symmetry of the entrance system, the rejection of the beam by the spectrometer was 
of the order of 5 x 10*. We have thus performed a detailed statistical analysis to estimate random 
events and to infer the fusion-evaporation cross sections. No signicant decay events were detected 



and upper limit cross sections of 172 pb, 87 pb and 235 pb were deduced for the synthesis of ' 
^'^^^Rf and ^''^Rf, respectively 
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I. INTRODUCTION 



In most experiments, superheavy elements are formed 
via mass asymmetric fusion-evaporation reaction, with a 
light projectile impinging on a heavy target [l|-|4| . Sym- 
metric entrance sytems (where projectile and target have 
similar masses) are known to exhibit small fusion cross- 
sections [5-7]. Nevertheless, such systems may have in- 
teresting properties, specially when aiming at very heavy 
elements. First, such systems can give access to spe- 
cific isotopes. This is the case for the ^^^Xe-l-^'^^Xe that 
leads to the ^^^Hs compound nucleus which has 6 more 
neutrons than the one reached through the ^^Fe+^°^Pb. 
Moreover, the excitation energy is low {E* — —5 MeV 
at the Bass barrier, so we can reach the 1 or 2 neutrons 
evaporation channels only), leading to a rather neutron 
rich evaporation residue. In addition, future ISOL ra- 
dioactive beam facilities, like SPIRAL2 f§\ will provide 
high intensity neutron-rich beams from uranium fission. 
In SPIRAL2, the beams provided with the highest inten- 
sities will be neutron-rich Kr and Xe isotopes. The latter 
may be interesting for the production of heavy and super- 
heavy elements in mass quasi-symmetric fusion reactions. 
In particular, the use of neutron-rich beams in such re- 
actions could form new isotopes closer to the /3-stability 
line than with stable beams. 

Some experiments have been dedicated to the synthesis of 
very heavy elements through symmetric reactions. The 
^^^Xe-l-^'^^Xe system was studied in Ref. , and an upper 
limit cross-section of 4 pb was obtained. In the present 
work, we investigate the formation of fusion-evaporation 
residues in the ^^''Sn-l-^^^Xe system. The choice of this 
reaction is motivated by the relatively light (and then 
less fissile) compound nucleus ^^"Rf and the fact that 
two closed shells (Z=50 and N=82) are expected to fa- 



vor fusion by limiting quasi-fission in the entrance chan- 
nel 0, • From a technical point of view, it is relatively 
easy to build solid tin targets. Previous investigations 
of this system led to respective fusion-evaporation cross- 
section upper limits of 200 pb at an excitation energy 
E* = 26 MeV and 1 nb at E* = 15 MeV For 
comparison, in the reaction ^''Ti-|-^"^Pb leading to the 
^^^Rf compound nucleus, the cross sections of the In and 
2n evaporation channels have been measured to be 10 
and 12 nb respectively p^ . 

From an experimental point of view, symmetric reactions 
have the advantage of a forward focused kinematics com- 
pared to asymmetric systems in normal kinematics. The 
transmission of the residues through a separator device 
is enhanced and they are produced with higher kinetic 
energy; thus their detection in an implantation detector 
is facilitated. The main drawback of symmetric reaction 
is the relatively close velocities of the residues and of the 
beam ions, which make them harder to separate. For this 
reason, symmetric reactions usually lead to the detection 
of random events producing a relatively high background 
in the spectra as compared to asymmetric systems in nor- 
mal kinematics. Here, we present a practical statistical 
analysis that takes very rigorously into account the pos- 
sibility of random correlations. This kind of analysis is 
very adapted to any super heavy element production re- 
action where such conditions of very low signal to noise 
ratio are encountered. 



II. 



THE FULIS EXPERIMENTAL SETUP 



The experiment took place at GANIL, at the end of 
the LISE 3 beam line . The figure [T] gives a scheme 
of the set-up. 
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FIG. 1: Experimental setup. 



A. Projectiles and targets 

The CSSl cyclotron of GANIL provides a 4.61 MeV/u 
-'^'^^Xe beam with an intensity of 6.9 x 10^^ pps. The 
total dose on target is 1.07 x 10^^ nuclei. The isotopi- 
cally enriched ^^^Sn targets are 400 /ig/cm^ thick, with 
a 40 /ig/cm^ carbon backing on the entrance side and 
5 /ig/cm^ on the exit side. Center-of-mass (cm.) energy 
at mid target is Ec.m. = 293.9 MeV, for a compound 
nucleus excitation energy around E* w 20 MeV. The 
targets are mounted on 18 separated sectors of a 36 cm 
diameter rotating wheel. 16 cm downstream, a similar 
wheel hosts 40 ^g/cm^ carbon strippers to equilibrate 
the evaporation residue charge states. The wheels turned 
at 2000 rpm during most of the experiment. 



B. Transmission in the Wien filter 

The compound nucleus (CN) is ^^°Rf and standard 
statistical calculations predict an evaporation from one 
to three neutrons. The ion-optical line is simulated with 
the Zgoubi ray-tracing code [15| . These simulations have 
been validated in previous experiments [l6l [l7j . Follow- 
ing the targets and strippers, a triplet of quadrupoles fo- 
cuses the nuclei at a focal point at the middle of the Wien 
Filter (WF). This WF consists in two identical symmet- 
ric parts. They both combine a uniform magnetic field 
with an orthogonal electric field. If the fields have a ratio 
E/B = Vref, the ions that have a velocity equal to Vref 
are not deviated, whatever their charge state. Ions with 
other velocities are deviated. In a standard mode, Vref 



is chosen to be equal to the velocity of the evaporation 
residues, which is 1.53 cm/ns in our case. The beam ions 
are faster (2.93 cm/ns) and, thus, are deviated toward a 
copper plate placed at the middle of the WF. This plate 
is water-cooled to sustain the heat deposit. 

A direct beam with the same velocity as the residues 
Vref — 1-53 cm/ns after stripping from the carbon foils 
was used to check the optical tuning. The charge state 
distribution was estimated using the model of Ref. [3] 
The optimum transmission is calculated to be 90% for 
the central charge state q = 43e with an electric field 
oi E = 200 kV/m and a magnetic field B = 150 Gauss 
in the WF. With this configuration, the rejection of the 
beam was measured to be lO'' which is too small to im- 
plement an efficient recoil decay tagging technique. The 
rejection was improved up to 5 x 10® by increasing the 
WF magnetic field to i? = 190 Gauss, which is asso- 
ciated to a lower Vref- That led to a counting rate of 
1300 counts/sec on the full implantation detector. As 
there is no free lunch, the CN transmission was also re- 
duced to 45% for the central charge state, resulting to 
a total transmission of 38% for all charge states. After 
the WF, another triplet of quadrupoles is set in order to 
refocus the transmitted nuclei on the final implantation 
detector. 



C. Detection system 

The detection system is first composed of two emissive 
foils detectors. These detectors are made of aluminized 
Mylar foils of 0.9 /im thickness. When they cross the foil. 
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the heavy ions emit secondary electrons that are accel- 
erated with an electrostatic field toward micro-channel 
plates (MCP). Their fast signal gives a time reference for 
the measurement of the time-of- flight (TOF). In addi- 
tion, a signal in one of the MCP is used as a veto for the 
detection of alpha or fission decay in the implantation 
detector. The efficiency of this veto is above 99.9%. 

The BEST (Box Electron Spectroscopy after Tagging) 
detector closely follows the two emissive foils. BEST in- 
cludes a double-sided silicon-stripped detector (DSSSD). 
48 strips on each side (vertical and horizontal) give the 
(x,y) position. The detection surface of the DSSSD is 
50 X 50 mm^, with a thickness of 300 /Ltm. Its resolution 
is 60 keV (FWHM) around 5.5 MeV, measured with a 3-a 
source (^^^Pu, ^^^Am, ^^''Cm). Relatively to this calibra- 
tion, the energy of the alpha decays occurring within the 
detector is corrected from the known dead zone [l^ . For 
each implanted ion, the TOF and energy are recorded 
for a primary selection of the evaporation residues: for a 
similar velocity, the kinetic energy of the beam is twice 
as small as the one of the residue. 

Four "tunnel" detectors frame the entrance face of 
the implantation, with their normal perpendicular to 
the beam axis. Each tunnel detector has a surface of 
50 X 50 mm^ , a thickness of 1 mm of silicon, and contains 
four independent pixels. They detect backward emitted 
alpha particles or fission fragments emitted from the im- 
plantation DSSSD. This increases the alpha decay de- 
tection efficiency from 55% to 80%. The implantation 
of a residue is detected at a known {x,y} position. A 
subsequent decay (alpha or fission) is characterized by a 
signal recorded at the same position, and possibly in one 
of the tunnel detectors. To make sure that the associ- 
ated signals come from subsequent decays and not from 
implantation, the absence of any signal in the two MCP 
detectors is required. 

During the experiment, we have also tested a 
scintillation-ionization chamber that was placed after the 
MCPs, but it is not used in the present analysis due to 
technical problems. The details on this detector can be 
found in [20|. The acquisition of an event was triggered 
either by a signal in the implantation detector (most of 
the events) or in the tunnel. Finally, the counting rate of 
around 1 kHz generated an electronic dead-time of about 
20%. It is taken into account in the analysis. Beam in- 
tensity is also recorded to calculate the absolute cross- 
sections. 



III. DATA ANALYSIS 

A. Identification matrix 

To identify fusion-evaporation residues, a correlation 
between the energy of the ions and their TOF is used. 
The energy is given by the DSSSD in coincidence with a 
signal in the first emissive foil detector. The long path 
between these two detectors also ensures a good resolu- 
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FIG. 2: Identification matrix of the detected ions. Implan- 
tation energy in the DSSSD as a function of the time of 
flight between the first emissive foil detector and the implan- 
tation. LISE-I--I- calculations of scattered ^'^^Xe events (blue) 
and of the residues (red) are shown with dashed lines. The 
black solid line delimitates the area where fusion-evaporation 
residues are searched for. 

tion for the TOF measurement (close to 1 ns). Figure [2] 
shows the identification matrix obtained from these two 
quantities. Calculations based on the code LISE-|--|- plj . 
taking into account the energy loss in the different ele- 
ments of the experimental setup, give the expected posi- 
tion of the transmitted beam-like particles (blue dashed 
line) and of ^^®Rf residues (red dashed line). It is clear 
that the identification matrix is not sufficient to identify 
fusion-evaporation residues due to the important amount 
of transmitted beam-like particles. In what follows, a 
very conservative condition (inside the solid line contour) 
is applied to look for fusion-evaporation residues. 



B. Genetic correlation method 

The next step in searching for fusion-evaporation 
residues (ER) is to study the radioactive a-decay and/or 
spontaneous fission (sf ) after the implantation of an ion 
in the DSSSD. Let us define and label three different 
types of correlations between the implantation of the ER 
and its subsequent decay: 

• {ER — ai} the measurement of at least one signal 
in the same pixel (or one of its closest neighbours) 
of the DSSSD, which could be associated to an a- 
decay of a specific ER after an implantation, 

• {ER — ai — a2} the same with two alphas, i.e., with 
the subsequent decay of the daughter, 

• and {ER — sf} when a signal following the implan- 
tation could be associated to a spontaneous fission 
event. (Fission fragments deposit much more en- 
ergy than a-decays.) 
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TABLE I: Decay properties of expected ER (rutherfordium) and their daughter (nobehum) nuclei. 



nucleus ti/a Q-BR sf-BR EC-BR (keV) Reference 



2"Rf 


4.5 ± 1 s 


> 89% < 3.5% 


11 ± 1% 


{8283 ± 18 ... 9021 ± 18} 


[13j 


258 j^f 


14.7li;o 


31 ± 11% 69 ± 11% 




9050 ± 30 


[22] 


259Rf 


2-5lo.3 ^ 


85 ± 4% 


15 ± 4% 


8770 ± 15, 8865 ± 15 


[22] 


253^0 


1.57lO:l« min 


«80% 


^ 20% 


{8011 ±21 ... 8114 ± 18} 


[13, 23] 


254No 


55±3 s 


90 ±4% 0.17 ±0.05% 


10 ± 4% 


8093 ± 14 


m 


255No 


3.1±0.2 min 


61.4 ± 2.5% 


38.6 ± 2.5% 


{7620 ± 10 ... 8312 ±9} 


m 



TABLE IL Number of events which could be associated to the 
implantation of a fusion-evaporation residue, followed by its 
decay (labelled as "correlated'). An estimate of the number 
of uncorrelated events is also given (see text). 



ER 




2-"Rf 


258 j^f 


Rf 


{ER~ 


Ctl} 


105 





22 


correlated {ER — ai 


- 02} 











{ER- 


sf} 




9 




{ER- 


ai} 


103 





14 


uncorrelated {ER — qi 


- 02} 


2 








{ER- 


sf} 




12 





The Qf-decay energies, half-life ii/2, and branching-ratios 
(BR) of every expected ER and its daughter nucleus are 
given in table ID 

The a and sf-decays are searched for during a time 
3^1/2 after the implantation or the previous decay. Ac- 
cording the exponential decay law, the probability to 
have a decay during this time is 95%. A condition for an 
{ER — ai} event is that the energy of the "a-signal" is 
close to known Ea of the ER. A window of Ea ±200 keV is 
used. The same procedure is applied for the decay of the 
daughter for {ER — ct\ — a-{\ events. Fission fragments 
are searched for in ^^^Rf decay only. Indeed, the sf-BR 
is negligible in the other nuclei. The lower limit set for 
the detection of fission fragments in terms of deposited 
energy is E'^p = 25 MeV. 



C. Backgroung from random events 

The rejection of beam-like ions by the WF and the 
off-line analysis (see Fig. [5]) is not sufficient to ensure 
that the results of the genetic correlation method is free 
from background due to random events. To estimate 
such background, the same method is applied to time- 
uncorrelated events. In practice, such events are obtained 
by looking for correlations backward in time in the data. 
In this case, any recorded correlation is random. 

Table |TT] gives a summary of the number of events asso- 
ciated to the three sets of decays described above. None 
of these events are accompanied by a signal in the tunnel 



part of the BEST detector. The estimate of uncorre- 
lated events by looking for correlation backward in time 
is also given in table |lll Globally, compatible statis- 
tics are obtained for both correlated and uncorrelated 
events, showing that unambiguous detection of fusion- 
evaporation events have not been achieved in the present 
experiment. 



IV. UPPER LIMIT OF THE 
FUSION-EVAPORATION CROSS-SECTION 

The previous analysis leads us to the evaluation of an 
upper limit for the fusion-evaporation cross-sections. The 
statistical analysis method is first described. Then, it is 
applied to the present experimental data to determine 
an upper limit of the number of physical correlations. 
Finally, these results are used to estimate the upper limits 
of the fusion-evaporation cross-sections. 



A. Statistical analysis method 

To determine an upper limit for the production rates in 
the presence of random events, we use a statistical anal- 
ysis method where we assume that both physical (corre- 
lated) and random (uncorrelated) events follow Poisson 
distributions of the type 

p(iVIA)^e-^ — , (1) 

where A is the expected number of events and p(iV|A) 
is the probability to have N events if A is known. For 
simplicity, our choice for the unit of time is the total 
acquisition time during the experiment. With this choice, 
A is equivalent to a (constant) production rate. We note 
Ap and A,, the production rate associated to the physical 
and random events, respectively. 

We first present the method in the case where A^ is 
known. Then, we extend the approach to the case where 
Ar is unknown. 
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1. Case where Xr is known 

We follow the approach given by Briichle in Ref. [25| . 
During the experiment, we measure a total number of 
events K, which is a sum of N physical events and R 
random events: K = N + R. Knowing the probability 
law governing the statistics of random events, we can 
evaluate the probability of having R random events (i.e., 
the probability to measure R events, knowing K and Xr): 



p{R\K,\r) 



m 



T"" e- 



(2) 



Of course, because N = K — R, we have p{N\K) — 
p{R\K). 

The density of probability 'P{\p\N) to have a distribu- 
tion of physical events with a production rate Ap when N 
physical events have been obtained is given by the same 
Poisson distribution 



V(,\p\N)^p{NW) = e-^- 



m ■ 



(3) 



In fact, we don't know N but only its probability dis- 
tribution p(A^| if, A^). Then, Eqs. ^ and Q give 



K 



r{Xp\K,K) = ^p(7V|if,A,)7'(Ap|iV) 

\K-N 



N=0 
K 

N=o {K ~ Ny. X]n=0 TTT 



2. Case where Xr is unknown 

Eq. Q would be sufficient to determine an upper limit 
of the production rate of physical events if the statisti- 
cal distribution of random events (i.e.. A,.) was known. 
However, only one measurement of the latter is made by 
searching for events backward in time (see section UlI Cp . 
Let the result of this measurement be Rf,. The density 
of probability for the rate of random events to be A,, is 



Similarly to Eq. ([4]), the density of probability to have a 
production rate A,, of physical events is 



K 



N 



Vi\p\K, Rb) = J2 e-^- 



N=0 



(7) 



B. Application to the present experimental data 

1. Physical and random events probability distributions 

The probability distributions of physical and random 
events, knowing the total number of events K = N + R 
and one estimate of the random events Rb, is given by 
Eq. (IH) . Using the numbers of table HIl these distribu- 
tions are plotted in Fig. [3] for the {^^Rf-^ J (left), 
{258Rf-s/} (middle), and {^s^Rf-ai} (right) correla- 
tions, which are the only cases with K ^ 0. The high- 
est probability is for = for the {■^^^Rf— ai} and 
|258j^£_^j| correlations. For {^'^^Rf— ai}, however, the 
highest probability corresponds to the measurement of 
N = 8 physical events. This is due to the difference 
between the number of correlations K ^ 22 and the esti- 
mated number of random events Rb = 14 (see table [IT)) . 
However, the probability associated to iV = is only half 
the maximum one [see Fig.[3Jc)], and a claim for the ob- 
servation of ^^^Rf residues in this experiment would not 
be physically grounded. This is all the more so true as 
no ^^^Rf-ai — a2 correlation is significantly observed. 



2. Production (or measurement) rate 

Up to now, we have not distinguished in this statis- 
tical analysis between the production of an ER and its 
effective measurement using one type of correlation. In 
fact, they are linked by the appropriate branching ratio 
and detection efficiency. In the following, we associate 
Xp to a "measurement rate" which refers to an effective 
measurement of one type of correlation for one specific 
ER. 

The measurement rate probability distributions are ob- 
tained from Eq. ([7]) and plotted in Fig. S) An upper 
limit X™"'^{e) for a measurement rate, associated to a 
confidence level of 100(1 — e)%, can be obtained from the 
equation 



A 



riXr\Rb) = e-^^^. 
The probability to find N physical events is then 



p{N\K,Rb) = / dXrriXr\Rb)p{N\K,Xr) 
Jo 



dXr 



' RbKK-Ny.j:^^,^ 



(5) 



(6) 



dXpViXplK.Rb) = 1 



£. 



(8) 



The shaded areas in Fig. |4] indicate the region for Xp < 
A™""^ (0.318). For each type of correlation, the real value 
of Ap is expected to be in this shaded area with a con- 
fidence level of 68.2%. The latter corresponds to the 
interval ±a for Gaussian distributions with standard de- 
viation a. 

For the other types of correlations where no events 
have been detected, the probability distribution becomes 
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FIG. 3: Probability distributions for the measurement of R random events (upper panels) and A'' physical events (lower panels) 
for (a) {^^■^Rf-Qi}, (b) {^^^^Rf-s/}, and (c) {^^^Rf-Qi} correlations. 



TABLE III: Upper limit immber AJ,""^ of fusion-evaporation 
residues produced during the experiment with a confidence 
level of 68.2%. 



ER 


2"Rf 


258 j^f 




{ER-ai_} 


12.68 


1.14 


10.97 


{ER — ai — 02} 


1.14 


1.14 


1.14 


{ER-sf} 




2.81 





'P(Ap) = e'^p . In this case, the upper hmit for Ap, still 
with a confidence level of 68.2%, is X^"''^ = 1.14 residues 
produced during the experiment. The values of A™""^ are 
summarized in table IIIII 



C. Fusion-evaporation cross-sections 

1. Independent analysts for each type of correlation 

Using branching ratios of table HI together with the 
efficiencies and target and beam characteristics given in 
section HIl the A™"^ of table IIIll are converted into upper 
limits for the fusion-evaporation cross-section associated 
to each type of correlation. The results are shown in ta- 
ble HVl For ^^''■^^^Rf, the fact that no correlation with 
an emission of two alphas has been observed leads to the 
strongest constraint on their production cross-section. 
For ^^^Rf, no alpha have been observed and the corre- 
lation with only one alpha is more constraining than the 
one with two alphas because there is a better detection 
efficiency for a single alpha than for two. Note that, 
for this isotope, the strongest constraint is given by the 
{ER — sf} correlation. 



2. Particular case of the Rf residue 

The fact that the ^^^Rf can decay by either a— emission 
or spontaneous fission, with known branching ratios, can 
be used to slightly reduce the upper limit for the produc- 
tion cross-section of this isotope. In fact, the search for 



TABLE IV: Similar to table |lll] for the upper hmit of the 
cross-sections in pb. 



ER 



Rf 258Rf ^=>«Rf 



259 1 



{ER~ai} 554.4 143.1 502.2 
{ER -ai- 02} 172.4 440.8 235.1 
{ER - sf} 87.2 



|258]^£ , ai} and {^^^Rf , sf} correlations is equivalent to 
two measurements of the ^^^Rf synthesis. 

Let us note Ap°* the total production rate of this iso- 
tope, which would correspond to a measurement rate of 
all possible decay channels with full efficiency. Similarly, 
the measurement rates for this isotope with the corre- 
lations {258Rf-ai} and {^^^Rf-sf} (see table ^ are 
now noted A^ and Xp^ , respectively. These quantities are 
related by 



\ a \sf 
ytot _ — P 



(9) 



where rja and 77s/ are the product of the branch- 
ing ratio and the detection efficiency for a— decay and 
spontaneous-fission, respectively. We also note K" and 
K'f the total number of {^^^m-ai} and {"^^^Rf-sf} 
correlations, respectively. Similarly, R" and i?^^ denote 
the evaluation of {^^^Rf— ai} and {^^^Rf—sf} random 
correlations from the "backward in time" analysis, re- 
spectively. 

The probability density distribution of Ap°* then reads 



7^(77„A^°*|g", R^) P{7jsfX'°'\K'f, Rf) 
dAP(77„A|if", R^) V{r,,f\\K-f,R'J) 



.(10) 



As a result, the upper limit for A*"* is 16.8 with a confi- 
dence level of 68.2%. It corresponds to a cross-section of 
80.8 pb. Combining the measurements of both a— decay 
and spontaneous-fission leads then to a reduction of the 
upper limit for the production cross-section by 10% as 
compared to the single spontaneous-fission measurement 
(see table HV)) . 
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FIG. 4: Probability distributions for the measurement rate Xp of physical events for the {^^'^Rf— ai} (left), {^^*Rf— s/} (middle), 
and {■^^^Rf— ai} (right) correlations. The shaded area indicates the upper limit of Xp with a confidence level of 68.2%. 



TABLE V: Smallest upper limit of the cross-sections in pb, 
with a confidence level of 68.2%. 



residue 



2"Rf 258Rf 259j^f 



cross-section (upper limit) in pb 172.4 80.8 235.1 



3. Summary 

Finally, the smallest upper limits for the production 
of the three rutherfordium isotopes are summarized in 
table |Vl Note that these final results correspond only 
to statistical uncertainties, i.e., no systematic errors are 
included. 



V. CONCLUSIONS 

We have measured upper limit cross-sections for the 
different evaporation channels of the -'^^'^Sn-l-^^^Xe fusion 
reaction. These cross-sections are at least three orders of 



magnitude smaller than in the asymmetric ^"Ti-t-^°^Pb 
system. If there is no drastical (and surprising) increase 
of the fusion cross-section vifith the number of neutrons 
in the projectile, fusion with neutron-rich radioactive 
beams, even with intensity around lO-'^'^pps, will not be 
sufficient to form neutron-rich transfermium and super- 
heavy elements with the present detection setup. In ad- 
dition, progress will be needed in the rejection, since the 
radioactive beam ions implanted in the detector could 
cause parasitic signals. The analysis of this experiment 
shows the importance of taking into account random cor- 
relation probabilities in low signal-to-noise ratio experi- 
ments, and how to handle them in a practical way. 



Acknowledgements 

We thank the Ganil beam operator who provided us a 
steady, intense xenon beam, and specially the technical 
team, G. Fremont and Ch. Spitaels for their constant 
support during this experiment. 



[1] S. Hofmann and G. Miinzenberg, Rev. Mod. Phys. 72, 
733 (2000). 

[2] Y. T. Oganessian, et al., Phys. Rev. C 74, 044602 (2006). 
[3] S. Hofmann, et al., Eur. Phys. J. A 32, 251 (2007). 
[4] K. Morita, et al., J. Phys. Soc. Jpn. 76, 043201 (2007). 
[5] W. Morawek, et al., Z. Phys. A 341, 75 (1991). 
[6] H. Gaggeler et al., Z. Phys. A 316, 291 (1984). 
[7] G. Fazio et al., Phys. Rev. C 72, 064614 (2005). 
[8] M. Lewitowicz et al., Nucl. Phys. A 805, 519c (2008). 
[9] Yu. Oganessian et al., Phys. Rev. C 79, 024608 (2009). 
[10] C. Simenel, D. J. Hinde, R. du Rietz, M. Dasgupta, et 
al., submitted. 

[11] A. Popeko, Presentation at the Trento Conference (2001). 
[12] H. Ikezoe, Private communication (2002). 
[13] F.-P. Hessberger et al., Z. Phys. A 359, 415 (1997). 
[14] R. Anne and, A. C. Mueller, Nucl. Inst. Meth. B 70, 276 
(1992). 

[15] F. Meot, Nucl. Inst. Meth. A 427, 353 (1999). 



[16] Ch. Stodel, et al., TOURS SYMPOSIUM ON NU- 
CLEAR PHYSICS VI, AIP Conference Proceedings 891, 
55 (2007). 

[17] A. Chatillon, et al., Phys. Rev. Lett. 98, 132503 (2007). 

[18] E. Baron, et al. Nucl. Inst. Meth. A 328, 177 (1993). 

[19] A. Chatillon, et al., Eur. Phys. J. A 30, 397 (2006). 

[20] A. Wieloch, et al.. Int. J. Mod. Phys. E 19, 672 (2010). 

[21] O. Tarasov, D. Bazin, M. Lewitowicz, and O. Sorlin, 
Nucl. Phys. A 701, 661 (2002). 

[22] J. M. Gates, et al., Phys. Rev. C 77, 034603 (2008). 

[23] J. Qian, et al., Phys. Rev. C 79, 064319 (2009). 

[24] S. Y. F. Chu, L. P. Ekstrom, and R. B. Fire- 
stone, www Table of Radioactive Isotopes, url: 
http : / / nucleardata.nuclear.lu.se/nucleardata/toi/, 
(1999). 

[25] W. Briichle, Rad. Act. 91, 71 (2003). 



